Glutathione peroxidase 4 (GPx4) is the only enzyme capable of reducing toxic lipid hydroperoxides in biological membranes to the corresponding alcohols using glutathione as the electron donor. GPx4 is the major inhibitor of ferroptosis, a nonapoptotic and iron-dependent programmed cell death pathway, which has been shown to occur in various neurological disorders with severe oxidative stress. In this study, we investigate whether GPx4 expression is altered in multiple sclerosis and its animal model experimental autoimmune encephalomyelitis (EAE). The results clearly show that mRNA expression for all three GPx4 isoforms (cytoplasmic, mitochondrial and nuclear) decline in multiple sclerosis gray matter and in the spinal cord of MOG 35-55 peptide-induced EAE. The amount of GPx4 protein is also reduced in EAE, albeit not in all cells. Neuronal GPx4 immunostaining, mostly cytoplasmic, is lower in EAE spinal cords than in control spinal cords, while oligodendrocyte GPx4 immunostaining, mainly nuclear, is unaltered. Neither control nor EAE astrocytes and microglia cells show GPx4 labeling. In addition to GPx4, two other negative modulators of ferroptosis (c-glutamylcysteine ligase and cysteine/glutamate antiporter), which are critical to maintain physiological levels of glutathione, are diminished in EAE. The decrease in the ability to eliminate hydroperoxides was also evidenced by the accumulation of lipid peroxidation products and the reduction in the proportion of the docosahexaenoic acid in non-myelin lipids. These findings, along with presence of abnormal neuronal mitochondria morphology, which includes an irregular matrix, disrupted outer membrane and reduced/absent cristae, are consistent with the occurrence of ferroptotic damage in inflammatory demyelinating disorders.
Multiple sclerosis (MS) is a chronic inflammatory disease of the human CNS, which is characterized by perivascular inflammation, demyelination, oligodendrocyte death, and neuronal degeneration (Lucchinetti et al. 1996; Kornek and Lassmann 1999) . Experimental autoimmune encephalomyelitis (EAE) shares a number of clinical and pathological features with MS and is routinely employed to study the mechanistic bases of disease and to test therapeutic approaches (Gold et al. 2000) . In recent years, it has become clear that oxidative stress is a major feature of both disorders (Smith 1999; GilgunSherki et al. 2004; Bizzozero 2009 ). Reactive oxygen and nitrogen species generated by activated microglia/macrophages and dysfunctional mitochondria have been shown to oxidize nucleic acids (Vladimirova et al. 1998) , proteins (Qi et al. 2006; Smerjac and Bizzozero 2008; Bizzozero 2009; Dasgupta et al. 2013) and lipids (Smerjac and Bizzozero 2008; Dasgupta et al. 2013) , and these trigger a number of pathological processes that are ultimately responsible for causing cell death and tissue damage.
Glutathione peroxidase 4 (GPx4) is an intracellular, selenium-containing antioxidant enzyme that reduces peroxidized phospholipids in biological membranes to the corresponding alcohols using glutathione (GSH) as substrate (Thomas et al. 1990) . The enzymatic reduction of phospholipid hydroperoxides is unique to GPx4 and cannot be carried out by the other glutathione peroxidases, thus making this enzyme critical for downregulating the levels of toxic lipid hydroperoxides (Imai and Nakagawa 2003) . There are three different GPx4 isoforms that derive from a single gene (Kelner and Montoya 1998; Boschan et al. 2002) -namely, the cytoplasmic isoform (c-GPx4, 170 aa/19.5 kDa), the mitochondrial isoform (m-GPx4, 197 aa/22.2 kDa) and the nuclear isoform (n-GPx4, 253 aa/29.2 kDa). GPx4 has been shown to prevent apoptosis by inhibiting peroxidation of the mitochondrial phospholipid cardiolipin, which binds to and keeps cytochrome c within mitochondria (Nomura et al. 2000) . In addition, GPx4 decreases the activation of 12/15-lipoxygenase, inhibiting the translocation of the apoptosis-inducing factor from the mitochondria to the nucleus and preventing DNA damage (Seiler et al. 2008) . Recently, GPx4 has been identified as a critical regulatory factor in ferroptosis, a non-apoptotic and iron-dependent programmed cell death pathway (Dixon et al. 2012; Cardoso et al. 2017) . The recent findings that neuronal GPx4 null mice are not viable (Seiler et al. 2008) and that conditional ablation of GPx4 gene in adult mice causes extensive neurodegeneration (Yoo et al. 2012 ) demonstrate the critical role of this enzyme in neuronal homeostasis.
Ferroptosis is different from apoptosis, necroptosis, and autophagic cell death -both at the morphological and biochemical level (Xie et al. 2016) . Morphologically, ferroptosis is characterized by the presence of smaller than normal mitochondria with condensed membrane densities, reduced or vanished cristae, and ruptured outer membrane. Biochemically, ferroptosis is distinguished by accumulation of lipid peroxidation products that arise from iron-catalyzed oxidation of polyunsaturated fatty acids and can be pharmacologically inhibited by iron chelators and lipid peroxidation inhibitors. Interestingly, many of these features are present in MS and EAE, suggesting that ferroptotic cell death may be taking place in these disorders. The goal of this study was to determine if levels of the ferroptosis inhibitor GPx4 are reduced in demyelinating disorders and, second, to identify additional ferroptosis markers in EAE. The results clearly show that mRNA expression for all three GPx4 isoforms decline in MS brain and EAE spinal cord. Furthermore, the amount of GPx4 protein (predominantly in neurons) and of other two negative modulators of ferroptosis (c-glutamylcysteine ligase and cystine/glutamate antiporter), which are critical to maintain physiological levels of GSH, are diminished in EAE. The decrease in the ability to eliminate hydroperoxides was also evidenced by the accumulation of lipid peroxidation products and the reduction in the proportion of docosahexaenoic acid. These findings, along with the presence of abnormal mitochondrial morphology, are consistent with the occurrence of ferroptotic damage -possibly caused by GPx4 deficiency -in inflammatory demyelinating disorders.
Materials and methods
Tissue specimens Frozen brain specimens were obtained from the Human Brain and Spinal Fluid Resource Center (Los Angeles, CA, USA) and from the Rocky Mountain MS Center (Englewood, CO, USA) and were stored at À80°C until use. A detailed description of the diagnosis, cause of death and brain pathology of control and MS cases is shown in Tables S1 and S2, respectively. Handling of human tissues was performed using universal precautions and protocol was approved by the Institutional Human Research Review Committee (study # 13-526). Frozen tissues were brought to À20°C and punches in the normal-appearing cerebral gray matter (GM) of the parietal lobe (Brodmann area 7) were made with a Harris Uni-Core tissue puncher (Ted Pella Inc., Redding, CA, USA). Immediately after dissection, tissues were processed for RNA isolation or protein analysis as described below.
Induction of experimental autoimmune encephalomyelitis
Housing and handling of the animals as well as the euthanasia procedure were in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals, and approved by the Institutional Animal Care and Use Committee (protocol # 16-200424-HSC) . Twenty-four eight-week-old female C57BL/6 mice were purchased from Harlan Bioproducts (Indianapolis, IN, USA) and housed in the UNM-animal resource facility. Three to four arriving mice were arbitrarily selected and placed in each cage by an animal resource facility staff member. Animals were acclimated for 1 week before cages were arbitrarily assigned to the control group (12 mice) or the EAE group (12 mice). Mice were immunized by cage group because the weaker (EAE) mice could have trouble competing against healthy (control) mice for access to food and water. One control mouse was lost due to unknown causes before the end point of experiment. To induce EAE, animals received a subcutaneous injection into the lower back area of 200 lL of MOG No measures were taken to minimize possible pain after disease induction because pain-killers and antiinflammatory drug may affect the disease course; however, water and food were placed on the cage floor. Animals were weighed and examined daily for the presence of neurological signs. A schematic timeline of the study design is depicted in Fig. 1 . At the peak of the disease (i.e. 21-30 days after immunization), EAE mice (n = 12) and CFA-injected controls (n = 11) were euthanized by decapitation. The spinal cords were removed, and the cervical and thoracic sections were processed for RNA extraction or homogenized in 20 mM sodium phosphate buffer pH 7.5 containing 1 mM EDTA, 0.1 mM neocuproine, 2 mM 4,5 dihydroxy-1,3 benzene disulfonic acid, 1 mM dithiothreitol, protease inhibitor cocktail 1 (RPI, Mount Prospect, IL, USA), and phosphatase inhibitor cocktail 3 (RPI). Protein homogenates were stored at À80°C until use. Protein concentration was assessed with the Bio-Rad DC TM protein assay (Bio-Rad Laboratories; Hercules, CA, USA) using bovine serum albumin as standard. Lumbar spinal cord sections were used for transmission electron microscopy (TEM) and immunohistochemical analysis. It is important to note that blinding was not done from the beginning of the study due to the fact that EAE mice exhibit neurological symptoms and thus can be easily identified. However, tissue samples (RNA, protein lysates and histological sections) were assigned with new serial numbers during all experimental procedures. Sample IDs were only revealed to the investigator after data acquisition. This study was not pre-registered. saline Tween 20 and were incubated for 2 h with horseradish peroxidase-conjugated goat anti-mouse antibody (1 : 5000, RRID: AB_10015289, 115-035-003; Jackson ImmunoResearch, West Grove, PA, USA) or anti-rabbit antibody (1 : 5000, RRID: AB_2307391, 111-035-144; Jackson ImmunoResearch). Blots were developed by enhanced chemiluminescence using the Western Lightning ECL TM kit from Perkin-Elmer (Boston, MA, USA). Films were scanned in a Hewlett Packard Scanjet 4050 and the images were quantified using the NIH ImageJ 1.51 imaging analysis program (https://imagej.nih.gov/ij/). Band intensities were normalized by the amount of GAPDH in the respective lanes. All the antibodies used in this study were validated by the suppliers and yielded single bands at the predicted molecular weights on western blots.
Reverse transcription and qPCR

Immunohistochemical localization of GPx4
To assess cellular distribution of GPx4 in the lumbar spinal cord of control and EAE mice, paraformaldehyde-fixed and paraffinembedded sections (5 lm-thick) mounted to slides were deparaffinized and hydrated in downgrade alcohol series. Antigen retrieval were performed in 10 mM sodium citrate buffer (pH 6.0) with 0.05% Tween-20 using heat-induced retrieval method. Spinal cord sections were blocked in 4% normal goat serum and then incubated with a rabbit monoclonal anti-GPx4 antibody (1 : 100, RRID: AB_10973901, ab125066; Abcam) at 4°C overnight. The various cell types were detected using mouse monoclonal antibodies against glial fibrillary acidic protein (1 : 200, RRID:AB_477010, G3893; Sigma, St Louis, MO, USA) for astrocytes, CA-II (carbonic anhydrase-II) (1 : 100, RRID:AB_2070328, sc-166547; Santa Cruz) for oligodendrocytes and NeuN (neuronal nuclear antigen) (1 : 200, RRID:AB_2298772, MAB377; Millipore Corp., Billerica, MA, USA) for neurons. A goat polyclonal antibody against Iba1 (1 : 100, RRID:AB_2224402, ab5076; Abcam) was used for microglia. GPx4 was visualized with a donkey anti-rabbit secondary antibody conjugated to Cy TM 3 fluorophore (1 : 500, RRID: AB_2307443, 711-165-152; Jackson ImmunoResearch) and neural cells were visualized with a goat anti-mouse antibody conjugated to Alexa Fluor â 488 (1 : 500, RRID:AB_2534084, A11017; ThermoFisher, Waltham, MA, USA). or a donkey anti-goat antibody conjugated to Alexa Fluor 488 (1:500, RRID: AB_2687506, ab150129; Abcam) Cellular nuclei were counterstained with TO-PRO-3 iodide (500 nM, T3605; Thermo-Fisher). Stained sections were then mounted in polyvinyl alcohol using 1,4-diazabicyclo-[2.2.2]octane as anti-fading agent. Images were captured with a Leica TCS SP5 confocal microscope system (Leica Microsystems, Buffalo Grove, IL, USA). Relative fluorescence of GPx4 immunoreactivity was quantified with the Leica Application Suite X using the histogram tool. Individual regions of interest were delineated in the green, neural-cell marker-labeled cells (NeuN and CAII) and returning the mean gray values in the red (GPx4) channel. For each animal, a total of six CAII-stained images (5-20 labeled cells/field) and 12 NeuN-stained images (5-50 labeled cells/field) selected at random were analyzed. Data for oligodendrocytes, microglia, and astrocytes come from both white matter and gray matter. Data for neurons derive for the gray matter and also comprise motor neurons.
Determination of GSH and lipid-peroxidation products GSH levels were determined using the enzymatic recycling method (Shaik and Mehvar 2006) . Briefly, proteins from spinal cord homogenates made in the absence of dithiothreitol were precipitated with 1% sulfosalicylic acid and removed by centrifugation at 10 000 g for 15 min. Aliquots of the supernatant were then incubated with 0.4 units/mL glutathione reductase, 0.2 mM NADPH, and 0.2 mM 5,5 0 -dithiobis-(2-nitrobenzoic acid) in 1 mL of 0.2 M sodium phosphate buffer pH 7.5 containing 5 mM EDTA. The rate of appearance of the thionitrobenzoate anion was measured spectrophotometrically at 412 nm.
[GSH] was calculated by interpolation on a curve made with increasing concentrations of glutathione disulfide (GSSG). The concentration of malondialdehyde (MDA) plus 4-hydroxy-2-nonenal (4-HNE) was measured with N-methyl-2-phenylindole (G erard- Monnier et al. 1989) . Briefly, aliquots from the spinal cord homogenates (200 lL) were mixed with 800 lL of 4 mM Nmethyl-2-phenylindole and 2.2 M methanesulfonic acid in acetonitrile : methanol (3 : 1 v/v), and were incubated for 40 min at 45°C. Aggregated material was removed by centrifugation at 10 000 g for 10 min and the absorbance of the supernatant was measured at 586 nm. The amount of MDA plus 4-HNE was calculated using a standard curve prepared with increasing amounts of MDA.
Fatty acid analysis by gas-liquid chromatography Non-myelin fractions were prepared by ultracentrifugation (82 000 g for 1 h) of spinal cord homogenates, made in 0.25 M sucrose, through a 0.9 M sucrose layer. The pellets were extracted with chloroform-methanol (2 : 1, v/v) containing 1 mg/ mL of butylated hydroxytoluene. Extracts were rinsed with water, dried under a stream of nitrogen gas, and fatty acid methyl esters (FAMEs) were prepared by alkaline methanolysis. Briefly, lipids were incubated overnight at 25°C in sealed tubes with 1.5 mL of chloroform: 0.2 N NaOH in methanol (2 : 1, v/v). The solution was then neutralized with 0.2 vol. of 0.35 M acetic acid and rinsed twice with methanol : water (1 : 1, v/v). The resultant FAMEs were dried under nitrogen, dissolved in hexane and analyzed by gas-liquid chromatography (GLC) using a Hewlett Packard 5890 Series II Gas Chromatograph (Kennett Square, PA, USA) equipped with a fused silica Megabore DB-225 column (15 m 9 0.53 mm; J&W, Folsom, CA, USA), a flame ionization detector and an integrator. Peaks were identified by the use of standard FAMEs. The area under each peak was considered proportional to the mass of each FAME within the sample. Membrane peroxidizability index (PI) was calculated according to the following formula: PI = (% monoenoic acids 9 0.025) + (% dienoic acids 9 1) + (% trienoic acids 9 2) + (% tetraenoic acids 9 4) + (pentaenoic acids 9 6) + (hexaenoic acid 9 8) (Pamplona et al. 1998) .
Mitochondria structure by TEM Lumbar spinal cord sections were fixed overnight in 0.1 M sodium cacodylate buffer containing 3% formaldehyde and 2% glutaraldehyde. Sections were then treated with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h, dehydrated through ethanol and acetone, and embedded in Epon-Araldite resin. Tissue was thinsectioned and slices on the grids were stained with saturated, aqueous uranyl acetate followed by Reynold's lead citrate. Finally, mounted sections were examined in a Hitachi HT7700 transmission electron microscope (Hitachi High-Technologies, Tokyo, Japan) equipped with an AMT XR16M 16-megapixel digital camera (Advanced Microscopy Techniques, Woburn, MA, USA).
Statistical analysis
Results were analyzed for statistical significance with the unpaired Student's t-test utilizing GraphPad Prism â program (GraphPad Software Inc.; San Diego, CA, USA) after assessing the normality of the data with the Shapiro-Wilk test. No outliers were identified in any of the data sets using the GraphPad Prism â ROUT test and assigning a Q value of 0.5%.
Results
GPx4 mRNA levels are decreased in the brain of MS patients The age of the control and MS patients at the time of death, gender, post-mortem interval (PMI), and the pathological diagnosis are shown in Tables S1 and S2 . Ages of control and MS patients range from 53 to 92 years and from 38 to 82 years, respectively. The control group (n = 24) has 16 males/eight females and the MS group (n = 21) has nine males/12 females. This number of patients (24 control and 21 MS) was above the minimum of 20 patients per group predetermined by power analysis using the G*Power program and considering the following parameters: two-tail analysis, effective size = 0.93, a = 0.05 and a power (1-b) = 0.8. The effective size was calculated assuming a difference between means of 25% and a SD = 27%, which was taken from comparable RNA studies on human samples. PMIs are variable, 4-20 h (14.5 AE 0.9, mean AE SEM) for controls and 6-29 h (14.9 AE 1.3) for MS patients. Within each group (i.e. controls and MS) there is no discernible correlation between the GPx4 mRNA levels and either age ( Figure S1 ), gender ( Figure S2 ) or PMI ( Figure S3) . Thus, the average values in the control and MS specimens are directly compared without segregation in subcategories. GM specimens taken from the parietal region (Brodmann area 7) of MS and control brains were used to determine the relative mRNA levels of the three GPx4 isoforms by qPCR. We took special care to ensure that the selected MS specimens were devoid of visible plaques. However, the presence of microscopic lesions in these samples cannot be excluded. Parietal GM was selected for this study because we have previously shown that there is considerable oxidative stress in this area of the MS brains (Bizzozero et al. 2005) . Total, mitochondrial and nuclear GPx4 mRNA levels relative to those of GAPDH were measured using the primers shown in Table 1 . Relative c-GPx4 mRNA levels were calculated by subtracting 2
ÀDCt values of the mitochondrial and nuclear isoforms from those in the total. As shown in Fig. 2 , mRNA expression of all three GPx4 isoforms is reduced in MS, although the values corresponding to the cytoplasmic isoform are borderline significant. Relative mRNA levels corresponding to cytoplasmic, mitochondrial, and nuclear GPx4 decline in MS by 19.4 AE 3.3% (p = 0.0568), 30.2 AE 6.1% (p = 0.0095), and 34.6 AE 7.2% (p = 0.0483), respectively. However, measurement of GPx4 proteins levels by western blot analysis produced inconclusive results, likely because of the high biological variability of the samples and the semi-quantitative nature of the assay. Due to these issues and because it can be argued that reduced GPx4 mRNA levels in MS may be related to diet/life style, genetics and/or pharmacological treatment rather than to the disease itself, we decided to investigate whether GPx4 mRNA and protein expression is diminished in the CNS of EAE mice.
Levels of GPx4 mRNA and protein are reduced in EAE EAE in female C57BL/6 mice was induced by active immunization with MOG 35-55 peptide as described under 'Materials and Methods' and shown in Fig. 1 . Symptoms were graded according to the following scale: 0, no symptoms; 1, tail weakness; 1.5, clumsy gait; 2, hind limb paresis; 2.5, partial hind limb dragging; 3, hind limb paralysis; 3.5, hind limb paralysis with fore limb paresis; 4, complete paralysis; and 5, moribund. In this EAE model, neurological symptoms as well as spinal cord pathology begin at 14 dpi (7 days after the boost with MOG peptide), reaching a maximum between 21 and 30 dpi ( Figure S4 ). CFA-injected animals (i.e. controls) do not exhibit any neurological sign or spinal cord damage. In this study, we used a total of 11 control mice (one animal lost) and 12 EAE mice with an average neurological score of 2.70 AE 0.11 (mean AE SEM). This number of mice was very close to the minimum of 12 animals per group predetermined by power analysis using the following parameters: two-tail analysis, effective size = 1.25, a = 0.05 and a power (1-b) = 0.8. The effective size was calculated assuming a difference between means of 25% and a SD = 0.20, which was taken from similar RNA studies on mouse samples. As shown in Fig. 3 , mRNA expression of all the three GPx4 isoforms is reduced in EAE, albeit by different extents. Relative mRNA levels corresponding to cytoplasmic, mitochondrial and nuclear GPx4 in EAE decrease by 26.4 AE 4.6% (p = 0.0022), 43.0 AE 6.5% (p = 0.0004), and 52.0 AE 6.6% (p = 0.0016), respectively. It is noteworthy that, like in the human brain, c-GPx4 mRNA in the mouse spinal cord is the most abundant followed by m-GPx4 and nGPx4 mRNA. We next investigated by western blot analysis if the amount of GPx4 protein is also diminished in EAE. Because the mitochondrial leader peptide is cleaved off after import into mitochondria, c-GPx4 and m-GPx4 cannot be differentiated on sodium dodecyl sulfate gels. Hence, western blots of total homogenates show a single form that corresponds to both species. n-GPx4, whose molecular mass is 29.2 kDa, was not detected on western blot of total spinal cord proteins due to its very low abundance. As shown in Fig. 4 , the relative amount of the 20 kDa band corresponding to c-GPx4 and m-GPx4 declines in EAE by 34.7 AE 5.5% (c) Fig. 2 Diminished glutathione peroxidase-4 (GPx4) mRNA expression in multiple sclerosis (MS). c-GPx4 (a), m-GPx4 (b) and n-GPx4 (c) mRNA levels in the gray matter of control (n = 24), and MS patients (n = 21) were determined by qPCR using the primers shown in Table 1 and are expressed relative to those of GAPDH as described in 'Materials and Methods'. Each point represents one patient and horizontal bars show the mean AE SEM. Statistical significance was determined by Student's t-test. (c) Fig. 3 Glutathione peroxidase-4 (Gpx4) mRNA levels are also decreased in experimental autoimmune encephalomyelitis (EAE). c-Gpx4 (a), m-Gpx4 (b) and n-Gpx4 (c) mRNA levels in the spinal cord of control (n = 11), and EAE mice (n = 12) were determined by qPCR using the primers shown in Table 1 and are expressed relative to the geometric mean of four reference genes as described in 'Materials and Methods'. Each point represents one animal and horizontal bars show the mean AE SEM. Statistical significance was determined by Student's t-test.
Control EAE
(p = 0.0045), which is similar to the decrease in mRNA expression of the cytoplasmic and mitochondrial forms (see above).
GPx4 immunostaining of spinal cord neurons is diminished in EAE
To ascertain whether the decrease in GPx4 levels in EAE takes place in all spinal cord cells or whether it is limited to a particular cell type, we conducted a double-label immunofluorescence confocal microscopy analysis. As shown in Fig. 5 , images from control and EAE spinal cords reveal GPx4 staining in the cytoplasm/mitochondria of neurons and in the nuclei of oligodendrocytes, while astrocytes are unlabeled. GPx4 labeling is also absent in microglial cells ( Figure S5) . Quantification of the images shows that neuronal GPx4 labeling in EAE decreases by 34.8 AE 10.0% (p = 0.0303) (Fig. 6a ), which coincides with the reduction in the amount of the c-GPx4 and m-GPx4 observed on western blots (Fig. 4) . As shown in Fig. 6(b (Dasgupta et al. 2013) and Fluoro Jade-positive cells (Mannara et al. 2012) in EAE spinal cord. However, it should be noted that cells dying by ferroptosis may not exhibit the classical apoptosis markers, so that the number of dying neurons may be larger than previously thought. In contrast to neurons, GPx4 staining in oligodendrocytes, which is mostly nuclear, does not change in EAE (Fig. 6c ). There are, however, significantly fewer oligodendrocytes in EAE than in control spinal cord (Fig. 6d) , which explains the reduction in n-GPx4 mRNA (Fig. 3) . Thus, it is reasonable to conclude that GPx4 deficiency in EAE is restricted to neurons. It is interesting that while n-GPx4 is not detected on western blots, GPx4 staining of oligodendrocyte nuclei is quite intense. This might be due to differential antibody affinity toward n-GPx4 when the protein is attached to polyvinylidene difluoride membranes or present in paraformaldehyde-fixed tissue section. Alternatively, GPx4 forms, other than n-GPx4, may be present in the nucleus as well. Indeed, upregulation of total GPx4 in vascular smooth muscle cells by butyrate causes a time-dependent increase in the nuclear localization of this protein and almost complete disappearance from the cytoplasm (Mathew et al. 2014) . Moreover, overexpression of c-GPx4 in Gpx4-null mice leads to an accumulation of this protein in mitochondria despite the absence of the mitochondrial signal peptide (Liang et al. 2009 ). Thus, it appears that the subcellular localization of organelle-specific GPx4 isoforms may change under certain experimental conditions. Unfortunately, specific antibodies against n-GPx4 to determine the levels of this isoform in nuclei are not commercially available at the present time.
Evidence of GSH dysregulation in EAE GSH levels in the spinal cord of nine control and 12 EAE mice were determined by the enzymatic recycling method, which measures free GSH and GSSG. As shown in Fig. 7(a) , the amount of total GSH in EAE relative to control is reduced by 21.1 AE 3.1% (p = 0.0001), indicating that the CNS of the affected animals is subjected to considerable oxidative stress. As we previously reported (Morales Pantoja et al. 2016), reduced [GSH] is likely caused by an impaired synthesis. Indeed, levels of xCT (the transport system responsible for providing cysteine for GSH synthesis), as measured by western blot analysis and expressed relative to that of the housekeeping enzyme GAPDH, diminish by 34.8 AE 8.9% (p = 0.0178) in the EAE animals ( Fig. 7b and d) . In addition, the amount of GCLc, the rate-limiting enzyme in GSH biosynthesis, decreases by 27.9 AE 5.6% (p = 0.0114) in EAE ( Fig. 7c  and d) . Together, these data point to a significant dysregulation of GSH metabolism, which likely affects several antioxidant pathways in this disease. , and images were visualized by confocal microscopy as described in 'Materials and Methods'. Red channel is for GPx4 while green channel is for various cell markers. Nuclei were labeled with TO-PRO-3. Bars at lower left of GPx4-stained images represent 10 lm in length.
Evidence of lipid peroxidation in EAE
The combined amount of the lipid peroxidation products MDA and 4-HNE in the spinal cord of four control and seven EAE mice was measured using N-methyl-2-phenylindole. As shown in Fig. 8(a) , the levels of MDA + 4-HNE in EAE relative to controls augments by 60.0 AE 9.0% (p = 0.0014), indicating that fatty acid hydroperoxides (the precursors of both MDA and 4-HNE) are formed at a higher rate than they are reduced to hydroxy fatty acids by GPx4. We then investigated if the amount of polyunsaturated fatty acids, the precursor of fatty acid hydroperoxides, is reduced in EAE spinal cords. A non-myelin fraction was used for these experiments to avoid the interference of variable amounts of myelin lipids in the spinal cord homogenates. Fatty acid analysis by GLC of non-myelin phospholipids in EAE reveals a significant fall in the level of docosahexaenoic acid (22 : 6 n-3) relative to control (Tables S3 and S4) , which significantly reduces (p = 0.0050) the PI from 219.3 AE 2.5 in control to 209.0 AE 1.5 in EAE (Fig. 8b) . Overall, these data demonstrate the occurrence of significant lipid peroxidation in the diseased spinal cord.
Control
EAE mitochondria show damages consistent with ferroptosis
Finally, we investigated whether mitochondria in EAE spinal cords show signs of ferroptosis (irregular matrix, disrupted outer membrane, and reduced/absent cristae). To this end, lumbar spinal cord sections from three control and four EAE mice (21 dpi, clinical score: 2.75 AE 0.14) were analyzed by TEM. As shown in Fig. 9(a) , the percentage of damaged mitochondria, defined as those having at least one of the three above mentioned morphological abnormalities, in EAE augments by 83.3 AE 10.4% (p = 0.0065) relative to controls. The proportion of mitochondria with an irregular matrix, including the presence of a central or peripheral void, in EAE increases by 270 AE 6% (p < 0.0001) of control values (panel b). The mean proportion of mitochondria with disrupted outer membranes in EAE is 60% higher than that in controls, although this change was borderline significant (p = 0.0577) (panel c). We also observed a significant increase of 98.5 AE 4.9% (p = 0.0486) in the proportion of mitochondria showing degenerated cristae in EAE compared to controls (panel d). Altogether, these findings suggest that EAE neuronal mitochondria have the characteristic morphological features of ferroptosis.
Discussion
Ferroptosis is a newly discovered form of cell death in which the iron-dependent build-up of lipid hydroperoxides (particularly in mitochondria) reaches lethal levels. GPx4, the only enzyme capable of converting toxic lipid hydroperoxides to non-toxic lipid alcohols, is central to the prevention of ferroptotic damage. In this study, we show that mRNA levels corresponding to the three GPx4 forms are reduced both in MS brain and in EAE spinal cord. While data on GPx4 protein levels in MS are inconclusive, we have already shown both reduced GSH levels and increased lipid peroxidation in MS GM (Bizzozero et al. 2005) and others have discovered structural changes in neuronal MS mitochondria such as disappearance of cristae and outer membrane damage (Mahad et al. 2009 ). Thus, several biochemical/morphological markers of ferroptosis are present in MS. In EAE, western blot analysis of spinal cord proteins clearly reveals that the amount of this enzyme is less than normal. Because the decline in GPx4 protein and mRNA in EAE are similar, it is fair to conclude that reduced enzyme levels are the result of impaired mRNA expression. The reason(s) for the reduction in GPx4 mRNA levels in EAE is unknown but a number of transcriptional activators have been recently described, including Nrf2 (Hirotsu et al. 2012) , stimulating protein 1, nuclear factor Y and members of the SMAD family (Ufer et al. 2003) , and their expression might be low in this disorder. While there is no data regarding the levels of the last three factors in EAE, Nrf2 expression seems to be reduced in spinal cords of the diseased animals (Morales Pantoja et al. 2016; Souza et al. 2017) . This perhaps Tables S4 and  S5 . In both panels, each data point represents one animal and horizontal bars show the mean AE SEM of the four control and seven EAE mice analyzed. Statistical significance was determined by Student's t-test.
explains why the Nrf2 targets and negative modulators of ferroptosis, xCT, and GCL, are also diminished in EAE (this study; Morales Pantoja et al. 2016) . These two enzymes are critical for maintaining normal levels of GSH which, along with GPx4, effectively reduce toxic hydroperoxides. However, the 35% decrease in GPx4 levels in EAE is likely to be more biologically significant than the 20% reduction in GSH levels. This is because under physiological conditions, where the concentration of GSH (2-10 mM) is much higher than that of peroxides (nM-lM range), the enzyme is mostly in its ground state waiting for a hydroperoxide to be reduced (Toppo et al. 2009) . In this situation, the ability of the enzyme to reduce hydroperoxides will not be affected until [GSH] drops to less than 0.1 mM (Toppo et al. 2009) . Supporting this idea is the observation that lipid peroxidation products do not accumulate in the spinal cord of mice with a deletion of the modulatory subunit of GCL, despite the fact that the GSH concentration declines by 50% (Zheng and Bizzozero, unpublished results) . Herein, we also show that there is an accumulation of the lipid peroxidation products MDA and 4-HNE in EAE spinal cord that is accompanied by a decrease in the membrane peroxidizability index. Results from a recent lipidomic study in cultured fibroblasts suggest that phosphatidylethanolamines containing arachidonic acid (C20 : 4, n-6) and adrenic acid (22 : 4, n-6) are the major phospholipids that undergo oxidation and drive cells to ferroptosis (Kagan et al. 2017) . In our study, however, the decrease in the PI of the non-myelin fraction, which contains synaptosomes, mitochondria, and microsomal membranes, is due exclusively to a reduction of docosahexaenoic acid (C22 : 6, n-3). This difference may be explained by the fact that the proportion of docosahexaenoic acid in fibroblast membrane lipids (~0.7%) (Mahadik et al. 1996) is much lower than that in non-myelin lipids (~20%) ( Table S4) . We have recently shown that induction of ferroptosis in rat brain slices by acute and complete GSH depletion leads to a decrease in the proportion of all three arachidonic, adrenic, and docosahexaenoic acids in mitochondrial phospholipids, suggesting that lipid peroxidation is not limited to a particular type of polyunsaturated fatty acids during ferroptotic damage of nerve cells (Zheng et al. 2018) . Moreover, we have found that in the more severe myelin basic protein-induced EAE model in Lewis rats, the concentration of these three unsaturated fatty acids plus that of the less abundant docosapentaenoic acid (C22 : 5, n-3) are decreased in the spinal cord at the peak of the clinical disease (Smerjac and Bizzozero, unpublished results) . In this study, we found that not all the spinal cord cells express GPx4. Indeed, GPx4 immunostaining is restricted to the cytoplasm/mitochondria of neurons and the nuclei of CAII-positive oligodendrocytes, while astrocytes and microglial cells are not labeled. The presence of GPx4 in neurons but not astrocytes has been previously reported in adult rat brain (Savaskan et al. 2007 ). However, that study also showed that Gpx4 is highly expressed in reactive astrocytes following brain injury, which we have not seen in EAE despite significant astrocyte activation. We also found that neurons are the only cells in the spinal cord where GPx4 expression is reduced in EAE. In agreement with this observation, we present evidence that neuronal mitochondria in EAE mice have all the morphological features that are characteristic of ferroptotic damage. Abnormal mitochondrial morphology in EAE and MS has been reported previously and has been linked to pathological permeability transition pore opening mediated by reactive oxygen species and calcium dysregulation (Su et al. 2013) . In this regard, it would be interesting to determine whether those reactive oxygen species are lipid hydroperoxides or whether mitochondria are damaged by lipid hydroperoxide accumulation by a different mechanism.
A major difference between ferroptosis and other types of cell death, like apoptosis and necroptosis, is that it can be prevented with iron chelators, lipid peroxidation inhibitors, or by increasing GPx4 levels/activity. With regard to the former, MS and EAE are characterized by dysregulation of transition metals like iron (Zarruk et al. 2015) and copper (Melo et al. 2003) , which promote oxidative damage via the Fenton and Haber-Weiss reactions (Lewen et al. 2000) . Moreover, chelation of the prooxidant iron with deferoxamine LeVine 1998), apoferritin (LeVine et al. 2002) and deferiprone (Mitchell et al. 2007) , and copper with N-acetylcysteine amide ) are known to reduce tissue damage and improve the clinical course of EAE. With respect to inhibition of lipid peroxidation, a number of lipophilic antioxidants, including caffeic acid phenetyl ester (Ilhan et al. 2004) , butylated hydroxyanisole (Hansen et al. 1995) , and tirilazad (Karlik et al. 1996) , have been found effective at preventing EAE. In addition, therapeutic success in the treatment of EAE has been reported with a-lipoic acid (Marracci et al. 2002) and mitochondria-targeted ubiquinol (Mao et al. 2013) , which are critical for maintaining high levels of reduced vitamin E (a-tocopherol/tocotrienols), a natural scavenger of lipid peroxyl radicals. Finally, while agents that increase GPx4 activity have not been developed, the administration of the GPx-mimetic diphenyl diselenide greatly reduces the development of EAE (Chanaday et al. 2011) . All of these studies provide additional support to the notion that ferroptosis takes place in EAE, although it is important to recognize that some of these treatments might be ameliorating this condition by also reducing inflammation.
Ferroptosis has been shown to occur in a number of CNS disorders including Parkinson's disease (Guiney et al. 2017 ), Alzheimer's disease (Hambright et al. 2017 ) and hemorrhagic stroke (Zille et al. 2017) . Our present data showing that expression of GPx4 is reduced in EAE, along with characteristic changes in mitochondrial morphology, decreased [GSH] and proteins involved in GSH synthesis and increased peroxidation of phospholipids, is consistent with the occurrence of ferroptotic damage in inflammatory demyelinating disorders as well. Despite being primarily demyelinating disorders, both MS and MOG 35-55 peptideinduced EAE CNS tissues exhibit substantial neurodegeneration. The observation that the ferroptosis inhibitor GPx4 is deficient specifically in neurons may be the cause for neuronal damage in these disorders. Thus, it is tempting to speculate that while oligodendrocytes are injured by a number of inflammatory mediators, neurons are also being damaged by ferroptosis. If this turns out to be the case, the present work could form the basis for the development of a new treatment modality for MS using ferroptosis inhibitors or Gpx4 inducers/activators.
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